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57 ABSTRACT 
An apparatus for annealing a substrate includes a plural 
ity of annular light sources concentric about a predeter 
mined axis, a holder for placing the substrate such that 
the substrate receives radiation from the plurality of 
annular light sources and is substantially perpendicular 
to the predetermined axis, and a measuring device hav 
ing a measuring optical system with an optical axis 
substantially aligned with the predetermined axis. The 
measuring device is adapted to receive radiation 
through the measuring optical system from the sub 
strate placed on the holder and to detect a temperature 
distribution of the substrate. 

16 Claims, 29 Drawing Sheets 
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1. 

LIGHT RADATION APPARATUS 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates to a light radiation ap 

paratus such as a lamp annealing apparatus used in the 
manufacture of semiconductor devices. 

2. Related Background Art 
Conventional lamp annealing apparatuses are avail 

able to heat a wafer to accelerate impurity diffusion, as 
described in Japanese Patent Application No. 
198735/1986. 
In the above apparatus, a plurality of annular lamps 

are concentrically arranged to substantially heat the 
entire surface of the wafer. A plurality of temperature 
sensors are arranged above the wafer. The levels of 
power supplied to the plurality of lamps are controlled 
in accordance with outputs from the temperature sen 
SOS, 

In the above apparatus, the entire surface of the wafer 
cannot be uniformly heated due to problems posed by 
the shape of lamps, the arrangement of the temperature 
sensor, and means for supplying power to the lamps. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a 

lamp annealing apparatus for precisely uniformly heat 
ing the entire surface of a wafer. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a sectional view showing an embodiment 

using a plurality of concentrically arranged annular 
light sources; 

FIG. 2 is a plan view of the apparatus shown in FIG. 
1; 
FIG. 3 is a plan view showing an improved arrange 

ment of the plurality of annular light source; 
FIG. 4A is a side view showing the annular light 

source shown in FIG. 3; 
FIG. 4B is a plan view showing the annular light 

source shown in FIG. 3; 
FIG. 5 is a schematic view showing a light source 

disposition as a comparative arrangement as opposed to 
the improved arrangement; 

FIG. 6 is a plan view showing another improved 
arrangement of the annular lights sources; 

FIG. 7 is a plan view of a pair of semicircular band 
like light sources; 
FIG. 8 is a schematic view showing a comparative 

arrangement as opposed to the improved arrangement 
shown in FIG. 6; 
FIG. 9 is a schematic view showing an arrangement 

of annular mirrors in the apparatus according to the 
present invention; 
FIGS. 10, 11, 12, and 13 are views showing optical 

paths for reflecting beams from the annular light 
sources so that the beams are especially focused at pe 
ripheral portions of wafers; 
FIGS. 14 and 15 are views showing optical paths of 

beams emitted from outer annular light sources and 
reflected by annular mirrors each having a concave 
elliptical surface; 
FIG.16 and 17 are views showing optical paths of the 

beams obtained such that the beams from the outer 
annular light source are reflected by the annular mir 
rors; 
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2 
FIG. 18 is a view showing an optical path of beams 

emitted from inner annular light sources and reflected 
by annular mirrors each having a concave elliptical 
surface; 
FIGS. 19 and 20 are sectional views showing reflect 

ing means obtained by integrally arranging the annular 
mirrors; 
FIG. 21 is a block diagram of a power control system 

for the light sources; 
FIG.22 is a flow chart for explaining the operation of 

the power control system for the light sources; 
FIG. 23 is a block diagram of a control network for 

the annular light sources; 
FIG. 24 is a plan view showing an annular light 

source disposition corresponding to the shape of the 
wafer; 
FIG. 25 is a block diagram of a control network for 

the annular light sources; 
FIGS. 26, 27, and 28 are respectively plan views 

showing improved light source arrangements each in 
cluding a plurality of concentrically arranged annular 
light sources and prepared in consideration of the wafer 
shape; 
FIG. 29 is a block diagram showing an improved 

arrangement of control units for annular light sources; 
FIG. 30 is a plan view showing the improved ar 

rangement of the annular light sources shown in FIG. 
21; 
FIG. 31 is a plan view showing the disposition of a 

plurality of annular light source pairs; 
FIG. 32 is a plan view of annular light sources by 

using U-shaped light sources each having a linear light 
emitting portion; 

FIG. 33 is a side view showing the U-shaped light 
source; 
FIG. 34 is a schematic view showing an improvement 

of a temperature measuring system according to the 
present invention; 
FIG. 35 is a view showing polar coordinate scanning 

of the temperature measuring system; 
FIG. 36 is a view showing an improved arrangement 

of an optical system; 
FIG. 37 is a front view showing an annular member 

shown in FIG. 36; 
FIG. 38 is a view showing the detailed arrangement 

of part of the optical system, shown in FIG. 36; 
FIGS. 39, 41, and 43 are respectively front views 

showing improved structures of the annular members 
36; 
FIGS. 40, 42, and 44 are timing charts showing detec 

tor characteristics corresponding to the annular mem 
bers shown in FIGS. 39, 41, and 43, respectively; 

FIG. 45 is a front view showing a further improved 
arrangement of the annular member; 

FIG. 46 is a schematic view showing an arrangement 
wherein a cooling means is arranged in the temperature 
measuring system; 
FIG. 47 is a graph showing the Planck's law of radia 

tion; 
FIG. 48 is a view showing an optical path when the 

cooling means is arranged in the temperature measuring 
system; 
FIG. 49 is a sectional view showing the detailed ar 

rangement of the cooling means shown in FIG. 48; 
FIG. 50 is a sectional view showing the arrangement 

of FIG. 49 when taken along the line 50-50; 
FIGS. 51A and 51B are schematic views of a gas 

injection apparatus in the apparatus of the present in 
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vention which includes a temperature measuring infra 
red source; 
FIGS. 52A, 52B, and 52C are schematic views show 

ing part of the gas injection apparatus; 
FIGS. 53A and 53B are views showing an improved 

arrangement of part of the apparatus shown in FIGS. 
51A and 51B; 
FIGS. 54A and 54B are views showing an improved 

arrangement of the gas injection apparatus; and 
FIGS. 55 and 56 are views showing improved ar 

rangements of the chamber of the apparatus according 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 is a sectional view showing a schematic ar 
rangement of an embodiment of the present invention, 
and FIG. 2 is a plan view thereof. A wafer 5 as an object 
to be irradiated with light is supported by a wafer sup 
port table 6 and is placed in a chamber 2 which is made 
of quartz and through which light is transmitted. A 
plurality of annular heating light sources 1a, 1b', and 1c' 
and a plurality of annular heating light sources 50a', 
50b', and 50c' are concentric about a predetermined axis 
N and sandwich the chamber 2 on planes parallel to the 
major two surfaces of the wafer 5. The support table 6 
supports the wafer 5 such that the central position of the 
wafer 5 substantially coincides with the axis N. The 
wafer 5 is substantially perpendicular to the axis N. 
Each annular light source may be a halogen lamp with 
a resistor wire or a flash discharge lamp. 

In this embodiment, the chamber 2 has a wafer un 
load port 3 at the side wall portion, a gas intake port 4 
at the upper central wall portion, and a gas exhaust port 
12 at the lower central wall portion. A wafer tempera 
ture measuring system located in the central space com 
prises an objective lens 7, a relay lens 8, a scanning 
mirror 9, a condenser lens 10, and a detector 11. The 
scanning mirror is two-dimensionally inclined. Of the 
beams from the entire surface of the wafer 5 to the 
objective lens 7, some beams from any area are guided 
to a detector 11. The detector 11 comprises one photoe 
lectric transducer element. Beams reflected by the 
heated wafer are limited by an aperture (not shown) 
arranged near the objective lens 7. The beams are fo 
cused at an intermediate image formation point and a 
wafer image is formed thereat. The beams are con 
verted by relay lens 8 into parallel beams, and the paral 
lel beams are reflected at the center of the optical axis of 
the scanning mirror. The beams are then focused on the 
detector 11 by the condenser lens 10. With the arrange 
ment of the temperature measuring optical system, tem 
perature measurement can be performed for the entire 
wafer surface as a surface conjugate with the detector 
upon changes in angles of the scanning mirror 9. 
When a wafer temperature is set at 100° C. to 1,500 

C., a wavelength of maximum radiation beams falls 
within the range of 2 um to 8 pm according to the 
Wien's displacement law and therefore a detector hav 
ing sensitivity for the wavelength of at least this band 
width must be used. Since a halogen lamp or a Xenon 
flash discharge lamp is generally used as a heating light 
source, a light source spectrum is greatly reduced at a 
wavelength of 2 um or more. In this case, incidence of 
light from the light source on the optical system for 
measuring a wafer temperature must be prevented. For 
this purpose, a thin film is preferably formed on a lens to 
reflect a radiation beam (wavelength: 2 um or less) 
passing through the chamber and to transmit a tempera 
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4. 
ture measurement beam (wavelength: 2 um to 8 um). 
Alternatively, a dichroic mirror having the same func 
tion as described above may be inserted, or a filter is 
arranged on the light source side to absorb the tempera 
ture measurement beam. When heat dissipated from the 
lens barrel, the aperture, and the like reaches the detec 
tor, a temperature measurement error occurs. The tem 
perature measurement portion must be kept at a temper 
ature lower than a temperature falling within the tem 
perature measurement range by means of air or water 
cooling. 
The lamp annealing apparatus is generally subjected 

to abrupt heating and cooling. The upper and lower 
surfaces of the wafer must be simultaneously heated to 
obtain symmetrical heat profiles of these surfaces along 
the direction of thickness of the wafer, and wafer warp 
ing is therefore prevented. In this embodiment, the 
upper and lower heating annular light sources are ar 
ranged substantially symmetrically. The wafer tempera 
ture measuring system and the gas exhaust port 12 are 
provided in the lower central space, and the gas intake 
port 4,is formed in the upper central space, with the gas 
medium supplied from the center of the wafer, i.e., on 
an axis of rotational symmetry. Unlike in the conven 
tional apparatus, uniform reaction of the wafer can be 
accelerated. 

Each lamp in FIG. 2 is illustrated as a perfect circle. 
However, in practice, slight deformation is required to 
arrange electrodes. A layout of lamps (annular light 
sources) for uniformly heating the wafer will be de 
scribed below. Non-light-emitting portions such as elec 
trodes and spaces between the electrodes of adjacent 
ones of the concentrically arranged annular light 
sources should not be aligned on a single radius passing 
through the center of the concentric circles. 
More specifically, radial angular differences between 

the non-light-emitting portions of the adjacent annular 
light sources are preferably determined with an alterna 
tion of about to about the angle formed by lines 
connecting the center and both ends of the continuous 
annular light source. The non-light-emitting portions of 
the plurality of annular light sources are not aligned on 
a single radius. 
As shown in FIG.3, if an angle defined by the contin 

uous light-emitting portion between the anode and the 
cathode of each annular light source is about 360, ra 
dial angular differences of the electrodes of the adjacent 
annular light sources are alternately 180' and 90'. In this 
manner, the non-light-emitting portions of the plurality 
of annular light sources are not aligned on a single ra 
dius. The arrangement in FIG.3 has a larger number of 
annular light sources than that in FIG. 1. That is, the 
arrangement in FIG. 3 has light sources 1a to 1d. 

Since the electrodes of the plurality of concentrically 
arranged annular light sources are not aligned on a 
single radius passing through the center of the concen 
tric circles, the non-light-emitting portions such as the 
electrodes (e.g., anodes and cathodes) and the spaces 
therebetween are substantially uniformly distributed in 
the rotationally symmetrical surface light source, 
thereby illuminating the wafer more uniformly. There 
fore, heating of the wafer with light radiation and exci 
tation of the chemical reactions can be uniformly per 
formed on the entire surface of the wafer. 
With the arrangement constituted by a plurality of 

annular light sources, if the light-emitting level of the 
inner light sources is lower than that of the outer light 
sources, the temperature profile of the circular wafer 
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having the center aligned with the axis of rotational angularly shifted by 180° C. from the non-light-emitting 
symmetry of the light sources exhibits a low level at the portion of the third annular light source 1c. 
center of the wafer and a high level at the peripheral An improvement of illumination distribution unifor 
portion thereof. During temperature measurement of mity by the above disposition of the annular light source 
the wafer along the radial direction thereof, even if heat 5 according to the present invention will be S described 
dissipation from the peripheral portion of the wafer has on the basis of numerical analysis. 
a level higher than that from the central portion, the 
annular light sources are selectively turned on/off to 
perform closed control, thereby uniformly heating or Illuminance ratios of a light source (FIG. 2) as the 
cooling the entire surface of the wafer. 10 most ideal annular light source having no extended 
The side view of one of the annular light sources used portions (for mounting electrodes) of the light-emitting 

in the light radiation apparatus according to the present tube and uniform emission without omissions through 
invention is illustrated in FIG. 4A, and a plan view 360 are summarized in Table 1. The illuminance ratio is 
thereof is illustrated in FIG. 4B. The annular light defined as an illuminance of the center (x=0 and y=0) 
source shown in FIGS. 4A and 4B is the outermost light 15 of the wafer to an illuminance of each area. Table 1 is 
source 1d shown in FIG. 3. Other annular light sources given under the conditions such that in four annular 
have the same construction as that of the light source 1d light sources (represented by a, b, c, and d), a vertical 
except for diameters. As shown in FIG. 4A, a cathode air conversion distance h between the sources and the 
31 and an anode 32 of the annular light source 1d are wafer is 60 mm and radii r of the annular sources are 
respectively arranged at distal ends of a pair of portions 20 defined as follows: 

Ideal Annular Light Source 

34 and 35 vertically extending from a surface including Radius of Light Source: r(a)=48 mm 
a circular light-emitting portion 33 (a quartz tube) con- Radius of Light Source: r(b)=68 mm 
stituting the annular light source. The light-emitting Radius of Light Source: r(c)=90 mm 
portion 33 is a halogen lamp, and a broken line repre- Radius of Light Source: r(d)=112 mm 
sents a resistor wire. As shown in FIG. 4B, the elec- 25 The loads acting on the respective annular light sources 
trodes 31 and 32 and the space therebetween serve as a are identical, and the emission amounts per unit length 
non-light-emitting portion 30. Light cannot be emitted in the respective annular light sources are also identical. 
from a portion defined by an angle 6 with respect to the The wafer as the object irradiated with light has a diam 
center of the annular light source 1d. When the angle 6 eter of 6' (150 mm). The illuminance ratios of the center 
of the non-light-emitting portion 30 is small, the illumi- 30 of the wafer to points on the wafer surface are given at 
nance distribution on the surface of the wafer can be pitches of 15 mm and represent illuminance distribu 
uniform. In practice, the distance between the extended tions along the x- and y-axes as shown. 

TABLE 

- - 
y -75 -60 -45 -30 - 15 0 15 30 45 60 75 

75 1005 
60 1.032 1.044 1,048 044 1,032 
45 1.041 1054 .055 054 .055 1.054 1040 
30 1.032 1.054 1.052 1041 1035 1040 1051 1.053 1.031 
15 1,045 .05S 1.04 1020 1,011 1020 1,040 1,054 .043 
0 1005 1.048 1,054 .035 101 1000 1,010 1.034 1,053 1.046 1.002 
- 15 1.045 1055 1041 1020 .01 1020 1040 1054 1,043 
-30 1.032 1.054 1052 041 1,035 1040 1.051 1.053 1.031 
-45 1.041 1,054 1.055 1,054 .055 1.054 1040 
-60 1.032 1044 1,048 1,044 ,032 
-75 1,005 

In illuminance calculations, the light source is as 
portions 34 and 35 cannot be smaller than the diameter sumed as a light source of perfect diffusion, and the 
of the glass tube constituting the lamp. In addition, a 50 illuminance is in inverse proportion to the square of the 
predetermined distance is also required due to the struc- distance from the light source and is proportional to a 
tural limitations of the lamp. cosine of an incident angle, so that values were inte 
The non-light-emitting portion of one annular light grated for all light sources. 

source cannot be eliminated. By combining a plurality A maximum numerical integration error is about 
of concentrically arranging annular light sources, the 55 0.2%. As shown in Table 1, the illuminance is increased 
illuminance distribution on the surface of the wafer can by about 5% from the center of the wafer surface to its 
be more uniform. peripheral portion. The outermost portion has substan 
As shown in FIG. 3, the non-light-emitting portion of tially the same rotationally symmetrical illuminance 

the innermost, i.e., the first annular light source 1a is distribution as that of the central portion. Such illumi 
angularly shifted by 180’ from the non-light-emitting 60 nance variations change in accordance with the number 
portion of the second light source 1b, i.e., the light of light sources, the radii of light sources, the distances 
source adjacent to the innermost annular light source. from the wafer, and the loads acting on the light 
The non-light-emitting portion of the third annular light sources. By controlling the loads of the concentrically 
source 1c adjacent to the second annular light source 1b arranged annular light sources, a uniform illuminance 
is angularly shifted by 90' from the non-light-emitting 65 distribution can be obtained. In the present invention, 
portion of the second annular light source 1b . The the illuminance distribution of the light sources shown 
non-light-emitting portion of the fourth annular light in FIG. 3 is compared with the reference illuminance 
source 1d adjacent to the third annular light source is distribution shown in Table 1. This comparison aims at 
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comparing the illuminances within the wafer surface 
with their distribution. Therefore, an assumption is 
made that radiation is from one side of the wafer. 

Arrangement of FIG. 3 
The illuminance distribution of the arrangement con 

stituted by the annular light sources (FIG. 3) according 
to the present invention is shown in Table 2. In illumi 
nance calculations, the four concentrically arranged 
annular light sources 1a, 1b, 1c, and 1d are arranged at 10 
positions corresponding to the vertical air conversion 
distance his 60 mm up to the wafer. Radii r of the re 
spective annular light sources are the same as for Table 
1. The length of the non-light-emitting portion of each 
annular light source is given as 20 mm, and identical 
loads are respectively applied to the annular light 
SOUCeS. 

As shown in Table 2, a very uniform illuminance 
distribution can be obtained and is substantially the 
same as that (Table 1) of the ideal annular light source. 
The rotationally asymmetrical illuminance variations 
fall within the range of 1%, and a standard deviation 

5 
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20 

8 
ranged annular light sources is the same as described 
above. The radii and lengths of the non-light-emitting 
portions of the annular light sources are the same as 
described above. 

In this case, the illuminance distribution is given in 
Table 3. The illuminance on the wafer surface is de 
creased by about 10% in the radial direction along 
which the positions of the non-light-emitting portions 
are aligned. However, the illuminance on the opposite 
side (left side with respect to the center of FIG. 5) 
substantially free from the influence of the non-light 
emitting portion is increased by about 4%. A total stan 
dard deviation or is as large as 0.3621. Thus the illumi 
nance variations greatly depend on the positions of the 
non-light-emitting portions. The rotationally asymmet 
rical illuminance variations cannot be corrected even if 
loads acting on the annular light sources are controlled. 
When the contents of Table 2 showing the illumi 

nance distribution of the embodiment of the present 
invention are compared with those of Table 3, the ar 
rangement according to the present invention indicated 
how uniform illuminance distribution is obtained. 

TABLE 3 
X 

y -75 - 60 -45 -30 - 15 0 5 30 45 60 75 

75 1.028 
60 1.034 1.029 .023 1.06 1.007 
45 1.036 1.032 1.025 .017 1006 0.994 0.981 
30 O39 1035 1029 1021 .009 0.994 0.977 0.960 0.945 
15 O38 1,034 1,027 1.07 1.003 0.984 0,962 0.941 0.922 
0 1.041 1.038 1.034 1,027 1.016 1000 0.980 0.956 0.933 0.913 0.898 
- 15 1038 1,034 1.027 .017 1.003 0.984 0.963 0.942 0.923 
-30 1.039 1.053 1.029 .021 1010. 0.995 0.978 0.961 0.946 
-45 1.036 1.032 1.026 1.017 1007 0.995 0.982 
-60 1.034 1030 1,024 1016 1008 
-75 1,029 

or is 0.0362 

or is as small as 0.00738. When the ideal annular light 
sources are used and the loads applied to the respective 
annular light sources are changed to obtain a uniform 
illuminance distribution, the illuminance distribution 
variations fall within the range of til%, although the 
non-light-emitting portion is inevitably formed in a 
practical annular light source. 

An improved arrangement of the annular light source 
will be described. In the improved arrangement, each of 
the plurality of annular light sources is constituted by a 
combination of a plurality of arcuate light sources. A 
radial position of the non-light-emitting portion be 
tween the plurality of arcuate light sources constituting 
one annular light source differs from that of the non 

TABLE 2 
X 

y -75 -60 - 45 -30 - 15 0 15 30 45 60 75 

75 0.991 
60 1.004 1000 0.997 0.999 .004 
45 1.007 1.005 1003 1.001 1.001 003 1.007 
30 1.002 1.003 1.004 1.003 1.002 1000 0.999 1001 1007 
15 0.995 0.998 1,001 .002 1000 0.997 0.994 0.995 100 
O 0.992 0.992 0.996 .000 1002 1.000 0.996 0.992 0.993 0.999 .009 
- 15 0.996 0.999 1.003 1.004 1.003 0.999 0.996 0.997 1,002 
-30 1.003 1.005 1.008 1.008 1.007 1.005 .004 1005 1.009 
-45 i.011 1.011 1.011 1010 1.00 1010 1.012 
-60 1.012 01 010 1.010 1012 
-75 1004 

or is 0.00738 

Arrangement of FIG. 5 60 
According to the embodiment described above, uni 

form illuminance distribution can be obtained. As a 
comparison, an illuminance distribution is calculated in 
which non-light-emitting portions of the plurality of 
annular light sources shown in Japanese Patent Laid 
Open No. 61-198735 are aligned in the radial direction, 
as shown in FIG. 5. The vertical air conversion distance 
h between the wafer and the four concentrically ar 

65 

light-emitting portion between the plurality of arcuate 
light sources constituting another annular light source. 

Radial angular differences between positions of non 
light-emitting portions (connecting portions of the arcu 
ate light sources) of the adjacent annular light sources 
are repeated as about and about the angle defining 
the length of the light-emitting portion of the annular 
light source. In addition, the non-light-emitting portions 
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of the adjacent annular light sources are shifted by 
about the angle defining the light-emitting portion of 
the arcuate light sources constituting the annular light 
sources. As a result, the non-light-emitting portions of 
the adjacent annular light sources are not aligned along 
the radial direction. 
As shown in FIGS. 6, annular light sources 1a, 1b, 1c, 

and 1d are constituted by semicircular light sources. 
The innermost annular light source 1a comprises two 
semicircular light sources 1a1 and 1a2. The second 
annular light source 1b comprises two semicircular light 
sources 1b1 and 1b2. The third annular light source 1c 
comprises two semicircular light sources 1c1 and 1c2. 
The outermost or fourth annular light sourced com 
prises two semicircular light sources 1d1 and 1d2. 
When the heating annular light source sets are ar 

ranged above and below the wafer in a symmetrical 
manner, the positions of the non-light-emitting portions 
of the upper set are preferably shifted from the positions 
of the non-light-emitting portions of the lower set, 
thereby further decreasing the influence of the non 
light-emitting portions of the annular light source sets. 
The two semicircular light sources constituting one 

of the annular light sources used in the light. radiation 
apparatus described above are illustrated in the plan 
view of FIG. T. FIG. 7 illustrates only one annular light 
source. Other annular light sources have the same ar 
rangement as that illustrated in FIG. 7, except for diam 
eters. The two semicircular light sources constituting 
one annular light source have light-emitting portions 
33a and 33b each having a length corresponding to 
about 180. Electrodes 31a and 32a, 31b, and 32b of the 
two semicircular light sources and the spaces therebe 
tween constitute non-light-emitting portions 30. 
As shown in FIG. 6, the angular position of each 

non-light-emitting portion of the innermost or first an 
nular light source constituted by the arcuate light 
sources 1a1 and 1b1 is shifted by 90' from a correspond 
ing portion of the second annular light source consti 
tuted by the arcuate light sources 1b1 and 1b2. The 
angular position of each non-light-emitting portion of 
the third annular light source constituted by the arcuate 
light sources 1c1 and 1c2 is shifted by 45 from a corre 
sponding portion of the third light source constituted by 
the arcuate light sources 1c1 and 1.c2. The angular posi 
tion of each non-light-emitting portion of the fourth 
annular light source is shifted by 90 from a correspond 
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sources constituting another annular light source may 
be about the angle corresponding to the length of the 
continuous light-emitting portion of the annular light 
SOce. 

As shown in the above embodiment, for example 
when one annular light source is constituted by two 
semicircular light sources, the non-light-emitting por 
tions of one annular light source are angularly spaced 
part by about 180". The radial angular positions of the 
non-light-emitting portions of the adjacent annular light 
sources can be shifted by 90' to obtain a good effect. 
Three arcuate light-emitting portions for example 

having a length corresponding to about 120 may be 
combined to constitute one annular light source. Again, 
the non-light-emitting portions should not be aligned in 
the radial direction. For this purpose, the angular posi 
tions of the non-light-emitting portions as connecting 
portions of the arcuate light sources constituting each 
annular light source are shifted by 60' to obtain a good 
effect. 

Furthermore, when a plurality of annular light 
sources are combined to constitute a concentric light 
source means, each inner annular light source may be 
constituted by two semicircular light sources and each 
outer annular light source may be constituted by a com 
bination of three arcuate light sources having light 
emitting portions each having a length corresponding to 
an angle of about 120. Alternatively, four actuated 
light sources having light-emitting portions each having 
a length corresponding to an angle of about 90 may be 
combined to constitute one annular light source. With 
this arrangement, the lengths of the plurality of arcuate 
light sources constituting each annular light source can 
be identical. Therefore, the arrangement of the light 
source control units can be simplified since the loads to 
be applied to the respective arcuate light sources are 
identical. 
The illuminance distribution of the above improved 

arrangement will be described according to numerical 
analysis. 

Arrangement of FIG. 6 
The illuminance distribution of the improved ar 

rangement of the annular light sources shown in FIG. 6 
is summarized in Table 4. The radii of the first, second, 
third, and fourth annular light sources are defined for 
the same manner as in Tables 1, 2, and 3. 

TABLE 4 
-75 - 60 - 45 -30 - 15 0 15 30 45 60 75 

75 1.002 
60 1.005 .002 1.001 1.001 1001 
45 1.006 1.00S 1.002 1.001 1.001 1001 1.001 
30 1.008 1.005 1.003 .002 .001 .001 1001 1002 1005 
15 1.006 1.003 1.001 .001 1.000 1,000 1,000 1.002 1.006 
0 1.010 1005 100 0.999 .000 1,000 1,000 1,000 1.002 1.007 1013 
- 15 1004 100 1,000 1,000 100 100 1002 .004 1008 
-30 1004. 1002 00 001 .002 1003 1005 1.007 1010 
- 45 1,002 1002 001 1002 .004 1006 1008 
-60 .002 .002 1.002 .004 1,006 
-75 1.003 

or = 0.0028 

ing portion of the fourth annular light source. 
When the circular light source means is constituted 

by the plurality of concentrically arranged annular light 
sources, angular differences between the radial posi- In illuminance calculations, the concentric light 
tions of the non-light-emitting portions between the 65 source apparatus having concentric four pairs of semi 
plurality of arcuate light sources constituting one annu 
lar light source and the radial positions of the non-light 
emitting portions between the plurality of arcuate light 

circular light sources (1a1 and 1a2, 1b1 and 1b2, 1c1 and 
1c2, and 1d1 and 1d2) shown in FIG. 6 has a vertical air 
conversion distance h- 60 mm between the sources and 



4,859,832 
11 

the wafer. The lengths of the non-light-emitting por 
tions are 100 mm each. 
As shown in Table 4, a very uniform illuminance 

distribution can be obtained and is substantially the 

12 
proving illumination efficiency. In addition, the con 
cave mirrors are designed for at least the outermost one 
of the concentrically arranged annular light sources in 
such a manner that the illuminance of the peripheral 

same as that of the ideal annular light sources (Table 1). 5 portion of the wafer surface is increased by the concave 
The rotational asymmetrical illuminance variations fall mirrors. Therefore, the temperature of the peripheral 
within the range of +1.3% to -0.1%, and a standard portion of the wafer which tends to be decreased by 
deviation is as very small as or=000281. Therefore, if heat dissipation can be compensated. 
the ideal annular light sources are used and loads to be Most of the beams which are not directly incident on 
applied to the respective annular light sources are 10 the wafer are preferably controlled by the annular mir 
changed to obtain a state free from illuminance varia- rors arranged behind the annular light sources, so that 
tions, the illuminance distribution variations fall within the beams from the inner annular light source can be 
the range of about 1% although a non-light-emitting used for uniform radiation while the beams from the 
portion is inevitably formed in the actual annular light outermost annular light source are concentrated on the 
SOC 15 peripheral portion of the wafer. The entire surface of 

the wafer can be heated with optical ener iven b 
Arrangement of FIG. 8 these radiation conditions, and E. entire E. of R 

As a comparison, an illuminance distribution is calcu- wafer can be uniformly heated. 
lated when two semicircular light sources are combined The concentric annular light source sets are arranged 
to constitute one annular light source and have non- 20 above and below the surfaces of the chamber, and the 
light-emitting elements aligned along the radial direc- light-emitting weights of the angular light sources are 
tion, as shown in FIG. 8. The vertical air conversion set identical. Thus the entire surface of the wafer can be 
distance h between the four concentrically arranged substantially uniformly irradiated with light. An illumi 
annular light sources and the wafer and the radii of the nance obtained by beams directly emitted from the four 
annular light sources are the same as those in the previ- 25 annular light sources can be a value calculated by con 
ous embodiments. The lengths of the non-light-emitting ditions shown in Table 6. Therefore, a substantially 
portions of the annular light sources are 10 mm each. uniform illuminance distribution shown in Table 7 can 
As shown in Table 5, the illuminance distribution be obtained. It should be noted that radii of the annular 

variations fall within the range of about 3%, and a light sources 1a to 1d and the distance between the 
standard deviation is as large as ot=0.01536. 30 wafer and the light sources are the same as for Tables 1 
When the contents of Table 4 representing the distri- to 3. 

bution of the improved arrangement is compared with TABLE 6 
those of Table 5 representing the distribution of the 
comparative example, it is evident that a more uniform Light Source Length (mm) 
illuminance distribution can be obtained by the im- 35 Light Source la 302 
proved arrangement. ES: : 

TABLE 5 
X 

y -75 -60 - 45 -30 - 15 0 15 30 45 60 75 
75 Z 1028 
60 1.02 023 1.023 1.023 021 
4S 1.009 1.03 1.016 107 106 1013 1009 
30 0.992 0.998 1,004 1008 1.009 1008 003 0.998 0.992 
15 0,980 0.987 0.995 100 1027 1000 0.995 0.987 0.980 
O 0.969 0.975 0.983 0.99 0.998 1000 0.998 0.99 0.983 0.975 0.969 
- 15 0.980 0.988 0.995 100 1028 001 0.995 0.988 0.980 
-30 0.992 0.998 004 1008 OO 1008 1004 0.998 0.993 
-45 1.009 103 1.016 107 1.016 1013 1010 
-60 1.021 1023 1.024, 1.023 1.02 
-75 O29 

a = 0.01536 

A reflecting member 20 arranged behind the concen 
trically arranged annular light sources in an embodi 
ment of the present invention will be described with Light Source lod 679 
reference to FIG. 9. The reflecting member is designed Total Light Source Length 1961 
such that an illuminance at the peripheral portion of the 55 
wafer is increased by concave mirrors with respect to at 
least an outermost one of the plurality of annular light TABLE 7 
SOCS. Distance from 0.0 mm 7.5 min 15 inn 22.5 mm 

More specifically, the annular concave mirror for at Yale Cer 1,000 1,002 1010 1.02 
least the outermost annular light source is designed such 60 
that the light-emitting portion of the light sauce is dis- Distance from 30 mm 37.5 nm 45 mm 52.5 mm 
placed from the optical axis of the concave mirror when wafer Center 
viewed from a plane passing through the center of the Finance 1.035 1.048 1.057 1,058 
concentric circles. distance from 60 mm 67.5 mm. 75 mm 

Since the reflecting member is located behind the 65 wafer Center 
concentrically arranged annular light sources, beams Illuminance 1051 1034 100S 
which does not directly reach the surface of the wafer 
can be reflected by the reflecting member, thereby im 

Ratio 
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The radiation conditions for the central portion of the 
wafer may differ greatly from those for the peripheral 
portion thereof. The temperature of the peripheral por 
tion tends to be greatly reduced. As show in FIG. 9, in 
order to compensate for the decrease in temperature 
due to heat dissipation, reflecting member 20 is ar 
ranged behind the annular light source, i.e., to oppose 
the upper surface of the chamber 2. A reflecting mem 
ber having the same shape as that of the member 20 is 
arranged on the lower surface side of the chamber 2 
behind the annular light sources. However, FIG. 9 
illustrates only the reflecting member opposite to the 
upper surface of the chamber 2. The reflecting member 
20 comprises three concentrically arranged annular 
mirrors 21a, 21b, and 21c respectively corresponding to 
the annular light sources. In this case, the wafer surface 
is substantially uniformly illuminated by the beams di 
rectly emitting from the annular light sources to the 
wafer. Beams which do not directly reach the wafer 
surface and that are guided by reflection by means of 
the reflecting member are adapted such that the re 
flected beams from the inner annular light source are 
used to substantially uniformly irradiate the entire sur 
face of the wafer and the light beams from the outer 
annular light source are primarily concentrated on the 
peripheral portion of the wafer. More specifically, of 
the beams from the inner annular light source 1a, beams 
which are not directly incident on the wafer are re 
flected by the annular mirror 21a to substantially uni 
formly irradiate the entire surface of the wafer. Of the 
beams from the middle and outer annular light sources 
1b and 1c, the beams which are not directly incident on 
the wafer are reflected by the annular mirrors 21b and 
21c and are concentrated on the peripheral portion of 
the wafer. 
So that the beams from the outer annular light source 

are reflected and concentrated on the peripheral portion 
of the wafer, the positional relationship between the 
annular mirrors and the annular light sources will be 
described with reference to FIGS. 10 to 13. 
FIGS. 10 to 13 show sections each corresponding to 

a plane passing through the concentric center of the 
rotationally symmetrical annular light sources and the 
rotationally symmetrical annular mirrors. Since both 
the annular light sources and the annular mirrors are 
rotationally symmetrical, the actual states of beams can 
be estimated according to behavior of the beams on the 
section passing through the illustrated concentric cen 
ter. Referring to FIGS. 10 to 13, the ordinate Z repre 
sents an optical axis, and T represents a vertex of the 
annular mirror. In the cases shown in FIGS. 10 to 13, 
the annular mirror is a concave mirror having a spheri 
cal section. FIG. 10 shows the case wherein an emission 
center S of the annular light source is located at a posi 
tion on the axis Z of the annular mirror. FIG. 11 shows 
the case wherein the emission center S of the annular 
light source is deviated from the axis of the annular 
mirror. FIGS. 12 and 13 show cases wherein the section 
defined by the annular mirror is constituted by an ellip 
tical concave mirror. More specifically, FIG. 12 shows 
the case wherein the emission center S of the annular 
light source is located at a position on the axis of the 
annular mirror, and FIG. 13 shows the case wherein the 
emission center S of the annular light source is deviated 
from the axis Z of the annular mirror. 
Technical data of the cases in FIG. 10 to 13 are sum 

marized below. The upper direction in the Z-axis in 
FIGS. 10 to 13 is positive, and the right direction of the 
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14 
Y-axis in FIGS. 10 to 13 is positive. The origin is de 
fined as an intersection between the annular mirror and 
the optical axis. 

TABLE 8 
Radius of Point (Z,Y) of 
Curvature Light Source 
of Vertex Surface Shape (mm) 

F.G. 10 13.0 mm Spherical (-8.0.0.0) 
FIG. 1 13.0 ran Spherical (-8.0,3.0) 
F.G. 12 10.0 mm Elliptical (-8.0.0.0) 

K = 0.7 
FIG. 3 0.0 man Elliptical (-8.0.2.0) 

K is 0.7 

(K is the conical constant on the elliptical surface.) 

In each case, the light-emitting portion of the annular 
light source is regarded as a point light source. Beams 
are defined as beams perfectly diffused at equal angular 
intervals of 5 from the point light source in the section. 
The states of the beams are illustrated as light path 
views. When the light source S is located on the optical 
axis, a light source image is formed at a conjugate posi 
tion separated from the vertex T by 34.7 mm in FIG. 10 
and a light source image is formed at a conjugate, posi 
tion separated from the vertex Tby 13.3 mm in FIG. 12. 
The entire surface of the wafer can be substantially 
uniformly illuminated. If the light source S is deviated 
from the optical axis by 3 mm (FIG. 11) and 2 mm 
(FIG. 13), positions where most of the beams are con 
densed are deviated from the axis in a direction opposite 
to the deviation direction of the light source S. The 
optical axis coincides with a line connecting an arc of a 
reflecting surface cut by a plane including the axis N 
(i.e., a predetermined plane of the annular surface re 
quired for reflecting the beam) and the center of a circle 
or an ellipse for forming this arc. 

Referring to FIGS. 11 and 13, when the emission 
point is deviated from the optical axis of the concave 
mirror, the beams can be concentrated in the peripheral 
portion deviated from the optical axis of the concave 
mirror. According to a comparison between FIGS. 10 
and 12, the elliptical mirror having the conical constant 
K smaller than 1 is better than the spherical mirror in 
order to condense the beams on the axis. As described 
above, according to the present invention, the annular 
mirror is deviated as described above with respect to 
the outer annular light source, so that the focusing area 
is concentrated in the peripheral portion of the wafer. 
Therefore, an illuminance distribution is given to the 
peripheral portion of the wafer to prevent a tempera 
ture drop caused by heat dissipation. The entire surface 
of the wafer can be uniformly heated. 
FIGS. 14 to 18 show optical paths when the four 

annular light sources 1a, 1b, 1c, and 1d are positioned on 
the basis of the technical data in Table 1 and a 6' (150 
mm) wafer is irradiated by a light radiation apparatus 
having annular mirrors and annular light sources, both 
of which are equivalent to those shown in FIGS. 11 and 
12 and technical data of which are given in Table 8. 

Referring to FIG. 14, an annular mirror having a 
section of a radius of curvature of 13 mm is arranged for 
the outermost annular light source 1d. The outer diame 
ter of the annular light source 1d is about 10 mm, and a 
resistor wire as a light-emitting portion extends at the 
center of the section along the light-emitting portion. 
The center of the light-emitting portion is deviated by 
Y=3 mm from the optical axis Z of the section of the 
annular mirror. As shown in FIG. 14, the wafer is irra 
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diated with beams having an illuminance distribution 
where the illuminance of the peripheral portion of the 
wafer is higher than that of the central portion thereof. 

Referring to FIG. 15, the light-emitting portion of the 
inner light source 1c is deviated by Y=3 mm from the 
optical axis of an annular mirror having a section of the 
radius of curvature of 13 mm. A distribution is obtained 
such that an illuminance of the peripheral portion of the 
wafer is higher than that of the center. 
When such annular mirrors are located behind the 

annular light sources 1d and 1c, a relatively larger ra 
dius of curvature must be selected to focus the beams on 
the peripheral portion of the wafer when the section is 
constituted by a spherical surface. The pitch of the 
annular light sources must be large in consideration of 
the interference conditions of beams between the adja 
cent annular light source and mirror. Therefore, the 
density of the surface light source formed by the plural 
ity of annular light sources is decreased. In order to 
solve the above problem, the sectional shape of the 
outer annular mirror is not given by a spherical surface 
but advantageously an elliptical surface. 

Referring to FIGS. 16 and 17, annular mirrors each 
having a radius of curvature of the vertex of the section 
7 of 10 mm and an elliptical surface having a annular 
light sources 1c and 1d. FIG. 16 shows a state conical 
constant K=0.7 were used for the outer wherein beams 
emitted from the outermost annular light source 1d are 
reflected by the corresponding annular mirror. FIG. 17 
shows a state wherein beams from the second annular 
light source 1c adjacent to the outermost annular light 
source are reflected by the corresponding mirror. Since 
the light-emitting portion S is deviated by Y=2 mm 
from the optical axis of the section of the annular mir 
ror, a higher illuminance of the peripheral portion of the 
wafer is assured as compared with that of the central 
portion thereof. 
Although the radius of curvature of the section of the 

annular mirror in FIGS. 14 and 15 is 13 mm, the radius 
of curvature of the vertex in FIGS. 16 and 17 can be 
reduced to 10 mm since the elliptical surface is em 
ployed. For this reason, the distance between the annu 
lar light sources can be decreased, and a high-density 
light source unit can be obtained. If the section is consti 
tuted by a spherical surface, manufacture can be simpli 
fied. It is difficult to form an elliptical surface. How 
ever, the light source density can be advantageously 
increased. 
Of the plurality of concentrically arranged annular 

light sources, the outer annular light source is designed 
such that the illuminance of the peripheral portion of 
the wafer is abruptly increased by means of the annular 
mirror, as shown in FIGS. 14 to 17. However, the inner 
annular light source is designed such that the illumi 
nance of the entire surface of the wafer is set uniform, as 
shown in FIG. 18. Referring to FIG. 18, an annular 
mirror having a concave spherical mirror having the a 
of curvature of 10 mm is arranged for the innermost 
annular light source 1a such that the light-emitting por 
tion S of the annular light source 1a is located on the 
optical axis. In FIGS. 14 to 18, only the left portions of 
the annular light sources are illustrated. If the behavior 
of the right portion is included for a space having a 
normal N as the concentric center rotationally symmet 
rical axis, the center of the wafer has rather a high 
illuminance. Referring to FIGS. 14 to 18, an area cut by 
a plane including the axis N of the annular mirror sur 
face on which the beam from the light source is re 
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flected is determined by a distance between the light 
source and the wafer along the axis N, the position in a 
direction perpendicular to the axis N of the light source, 
and the light source position with respect to the mirror 
surface. 
According to this embodiment as described above, if 

loads applied to the plurality of annular light sources 
are set identical, operations are performed as follows: 

(1) The entire surface of the wafer is substantially 
uniformly irradiated with beams directly emitted from 
the four concentrically arranged annular light sources 
1a, 1b, 1c, and 1d to the wafer. 

(2) The entire surface of the wafer is substantially 
uniformly irradiated with beams emitted from the inner 
annular light sources 1a and 1b and reflected by the 
annular mirrors 21a and 21b. 

(3) The peripheral portion of the wafer is particularly 
irradiated with the beams emitted from the outer annu 
lar light sources 1c and 1d and reflected by the annular 
mirrors 21c and 21d such that an illuminance distribu 
tion of the peripheral portion of the wafer is abruptly 
increased. In particular, preferable annular light sources 
are ones each having a diameter larger than the outer 
diameter of the wafer, thereby increasing the illumi 
nance of the peripheral portion of the wafer. 
With the above arrangement, the wafer can be uni 

formly kept at a predetermined temperature with high 
precision. Heating can be thus performed while the 
uniform state is kept unchanged. If a decrease in tem 
perature of the peripheral portion of the wafer occurs, 
the power supplied to the outer ones of the plurality of 
concentrically arranged annular light sources is rela 
tively increased. The temperature of the peripheral 
portion is increased to restore a uniform temperature 
distribution. 

Since beams which are not reflected by the annular 
mirrors and do not directly reach the wafer, as well as 
beams reflected by the wafer surface, are reflected by 
the chamber or its outer walls and are incident on the 
wafer surface, it is preferable to set the uniform temper 
ature distribution of the wafer surface in consideration 
of these beams in addition to the regularly incident 
beams. 
The above-described annular mirrors are substan 

tially concentrically arranged to constitute a reflecting 
member for effectively directing the beams from the 
concentrically arranged annular light sources on the 
wafer surface. In this case, a plurality of annular mirrors 
are combined to constitute a single reflecting member. 
The section of a reflecting member 22 having such an 
arrangement is shown in FIG. 19. The reflecting mem 
ber 22 includes a substrate (e.g., copper or aluminum) 
having a high heat conductivity. Gold plating is per 
formed on the reflecting surface opposite to the cham 
ber to increase the reflectance of the heating beams. In 
order to prevent over-heating of the reflecting member 
upon reception of beams from the annular light sources, 
a cooling means (not shown) using cooling air, cooling 
water, or the like is preferably used. As shown in FIG. 
19, for inner annular light sources 1a and 1b, the sec 
tional shape of the annular mirrors 23a and 23b are 
constituted by spherical surfaces while the light-emit 
ting portions are located on the optical axis. For the 
outer annular light sources 1c and 1d, the outer reflect 
ing surfaces of the outer annular mirrors 21c and 21d 
having a spherical surface or an aspherical surface (e.g., 
an elliptical surface) are concave surfaces while the 
light-emitting portions are deviated from the light axis 
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of the annular mirrors 23c and 23. As indicated by the 
inner straight line, a conical surface is formed in prac 
tice to guide beams from the light source to a portion 
outside the wafer. 
Heat dissipation of the wafer varies depending on a 

gas atmosphere and a chamber shape. If heat is not 
greatly dissipated from the peripheral portion of the 
wafer, a reflecting member 24 shown in FIG.20 may be 
used since beams need not be particularly concentrated 
on the peripheral portion of the wafer. The reflecting 
member 24 allows formation of an annular mirror for 
only the outermost annular light source 1d. A common 
plane mirror is formed for other annular light sources. 
In this case, in order to set a high intensity of the beam 
emitted from the outermost annular light source 1d and 
reflected by the reflecting member 24, the emission light 
source S is deviated inward from the optical axis Z of 
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15 

the concave spherical surface of the section by a prede 
termined amount. 
A control system for emission of the annular light 

sources according to the present invention will be de 
scribed with reference to FIG. 21. 
An output from the detector 11 serving as a radiation 

thermometer is input to a microcomputer 41. Lamp 
control units 42a, 42b, and 42c comprising thyristors are 
connected to the outputs of the microcomputer 41. 
Each unit receives a control signal from the microcom 
puter 41. The lamp control units 42a, 42b, and 42c sup 
ply powers corresponding to the control signals to the 
lamps. The pair of upper and lower annular light source 
sets opposite to each other and having identical radii are 
turned on/off by the corresponding lamp control units. 
More specifically, the control unit 42a controls the 
annular light source 1a and the corresponding light 
source, the control unit 42b controls the annular light 
source 1b and the corresponding light source, and the 
control unit 42c controls the annular light source 1c and 
the corresponding light source. The light sources con 
trolled by each control unit are connected in parallel to 
each other. 
The operation of this embodiment will be described 

with reference to the flow chart of FIG. 22. 
In step S1, signals are supplied from the microcom 

puter 41 to lamp control units 42a to 42c, corresponding 
powers are respectively supplied to the annular light 
sources, and the flow advances to step S2. In step S2, 
the scanning mirror 9 is driven to scan the entire area of 
the substrate 5. Outputs from the detector 11 are sam 
pled at predetermined intervals. The temperatures at a 
plurality of sampling positions are measured to calculate 
the temperature profile of the substrate. The tempera 
ture measurement positions are determined by a data 
input means (not shown) in accordance with the diame 
ter of the semiconductor substrate to be treated. Con 
trol results of infrared lamps for obtaining a uniform one 
of various temperature profiles of the substrate at mea 
surement positions are theoretically or experimentally 
obtained in advance. A map representing the relation 
ship between the temperature profiles and ON control 
of the infrared lamps is stored in a ROM incorporated in 
the microcomputer 41. In step S3, the microcomputer 
41 causes a timer incorporated therein to measure a 
predetermined annealing time, and the microcomputer 
41 determines whether annealing is completed. If YES 
in step S3, power supply to the annular light sources is 
interrupted in step S4, and the flow is ended. However, 
if NO in step S3 powers supplied to the annular light 
sources are controlled on the basis of the map in step S5. 
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The flow then returns to step S2, and the above opera 
tion is repeated. The temperature measurement by the 
radiation thermometer is performed in accordance with 
the known Planck's law of radiation. 

Japanese Patent Applin. Laid-Open No. 198735/1986 
describes a control system wherein a plurality of tem 
perature sensors are arranged above a wafer and powers 
to be supplied to the annular light sources are controlled 
in response to outputs from the temperature sensors. 
However, in order to prevent interference with wafer 
replacement, the plurality of temperature sensors must 
be moved every time the wafer is replaced with another 
For this purpose, a means for moving the plurality of 
temperature sensors in the chamber is required. In prac 
tice, on a factory production line or the like, a large 
number of wafers must be treated within a short period 
of time. The moving speed and precision of the moving 
means for the temperature sensors are important factors 
for determining efficiency. In addition, in order to pre 
cisely detect the temperature, the temperature sensors 
must be brought into contact with the wafer. The uni 
form temperature profile cannot be maintained by this 
contact, resulting in inconvenience. 
As described above, it is possible to uniformly radiate 

the entire surface of the wafer by the plurality of con 
centrically arranged annular light sources. This unifor 
mity is based on an assumption wherein a given light 
emission amount per unit length of each annular light 
source is determined. However, the lengths of the light 
emitting portions of the annular light sources differ 
from each other. In order to obtain a given emission 
amount per unit length, the lengths of the light sources 
and the powers supplied in correspondence with the 
resistances of the light sources must be controlled, and 
therefore, a complicated control system is required. 

FIG. 23 is a circuit diagram showing an arrangement 
slightly different from the arrangement of FIG. 21 to 
control the emission amount of the annular light 
sources. Of the six semicircular light sources 1a1, 1a2, 
1b1, 1b2, 1c1, and 1c2 (FIG. 6) arranged above the 
chamber 2, the two semicircular light sources 1a1 and 
1a2 constituting the innermost or first annular light 
source are connected in series with each other. The 
series-connected two semicircular light sources are 
connected in parallel with two semicircular light 
sources 1b1 and 1b2 constituting the second annular 
light source. These light sources are simultaneously 
controlled by a control unit 37. Of the six semicircular 
light sources 50a1, 50a2, 50b1, 50b2, 50c1, and 50c2 
located below the chamber 4, the two semicircular light 
sources 50a1 and 50a2 constituting the innermost or first 
annular light source are connected in series with each 
other. These series-connected light sources are con 
nected in parallel with the semicircular light sources 
50b1 and 50b2 constituting the second annular light 
source. These light sources are simultaneously con 
trolled by a control unit 37. The semicircular light 
sources 1c1 and 1c2 and the semicircular light sources 
50c1, and 50c2, both pairs of which constitute the outer 
most or third annular light sources, are connected in 
parallel with each other and are simultaneously con 
trolled by a control unit 38. 
The rated voltage for the semicircular light sources 

1a1, 1a2, 50a1, and 50a2 constituting the innermost or 
first annular light sources is 100 V, and the rated voltage 
for semicircular light sources constituting the second 
and third annular light sources is 200 V. Since pairs of 
innermost annular light sources are connected in series 
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with each other, a composite rated voltage can be 200 
V. In this manner, the innermost annular light sources 
can be operated at the same rated voltage as in the 
semicircular light sources constituting the second annu 
lar light sources. For this reason, the semicircular light 
sources 1a1, 1a2, 1b1, and 1b2 and the semicircular light 
sources 50a1, 50a2, 50b1, and 50b2 which constitute the 
first and second annular light sources having different 
rated voltages can be simultaneously controlled. 
The control units 37 and 38 are controlled by the 

microcomputer 39. The microcomputer 39 controls the 
control units 37 and 38 in the same manner as the mi 
crocomputer 41 of FIG. 21 to obtain a desired tempera 
ture profile of the entire surface of the wafer, thereby 
adjusting emission amounts of the first and second annu 
lar light sources and the emission amount of the third 
annular light source. In the control units 37 and 38, 
power supplied from an AC power supply 100 is con 
trolled such that phase controllers using thyristors con 
trol the input power to have power levels suitable for 
the respective light sources. The microcomputer 39 
generates signals for defining the phase control amounts 
of the thyristors in the control units. In the arrangement 
of FIG. 23, the annular light sources 1d1 and 1d2 shown 
in FIG. 6 are omitted. 

In the light radiation apparatus described above, the 
temperature or power profile is input from an input 
means (not shown) to the microcomputer 39, and the 
apparatus is controlled to realize the input profile. In the 
above arrangement, only the semicircular light sources 
constituting the outermost annular light sources are 
controlled independently of other annular light sources 
because independent control is to be performed such 
that the emission power from the outermost lamps is 
increased to prevent nonuniformity of the temperature 
profile caused by heat dissipation from the peripheral 
portion of the wafer. The emission amount per unit 
length of each of the outer semicircular light sources 
1c1, 1c2, 50c1, and 50c2 is set higher than that of each of 
the inner semicircular light sources when a given volt 
age is applied thereto. In this case, all semicircular light 
sources can be simultaneously controlled by a single 
power control unit. 
FIG. 24 shows an arrangement of arcuate light 

sources 1c1 and 1c2 in consideration of the wafer shape, 
and FIG. 25 is a circuit diagram for driving the light 
sources in FIG. 24. 

Referring to FIG. 25, two light sources 1a1 and 1a2 
and two light sources 50a1 and 50a2, both pairs of 
which respectively constitute innermost or first annular 
light sources, are connected in series with each other. 
Light sources 1b1 and 1b2 and light sources 50b and 
50b2, both pairs of which respectively constitute the 
second annular light sources, are connected in parallel 
with each other. These power sources are controlled by 
a control unit 43. A composite voltage for the light 
sources 1a1 and 1a2 and the light sources 50a1 and 50a2 
is the same as the rated voltage for the light sources 1b1 
and 1b2 and 50bi and 50b2 since the innermost light 
Sources 1a1 and 1a2 and 50a1 and 50a2 are connected in 
series with each other. The semicircular light sources 
constituting the innermost or first annular light source 
can be controlled with the same rated voltage as that of 
the semicircular light sources constituting the second 
annular light source, thereby obtaining a uniform illumi 
nance distribution. 

Non-light-emitting portions including the electrodes 
of four light sources 1c1, 1c2, 50c1, and 50c2 constitut 
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ing the outermost or third annular light source located 
above and below the major surfaces of the wafer 5 are 
angularly shifted by 90’ about the concentric center N 
from the direction of an orientation flat (to be referred 
to as an O.F. hereinafter) of the wafer 5 indicated by the 
broken like in FIG. 24. The light source 1c1 located 
above the upper surface of the O.F. of the wafer 5 is 
connected in parallel with the light source 50c1 located 
below the lower surface of the O.F. thereof. These light 
sources are simultaneously controlled by a control unit 
44. The upper and lower light sources 1.c2 and 50c2 
located on the side opposite to the O.F. of the wafer 5 
are also connected in parallel with each other and are 
simultaneously controlled by a control unit 45. The 
control units 43 to 45 are controlled by a microcom 
puter 46. 
The arrangements of the control units 43 to 45 are 

basically the same as those of the control units 37 and 38 
of FIG. 23. The outermost annular light source is con 
trolled independently of the inner annular light source, 
thereby correcting temperature profile nonuniformity 
caused by heat dissipation from the peripheral portion 
of the wafer. In addition, the light sources on the O.F. 
side can be controlled separately from those on the side 
opposite to the O.F. side. Therefore, temperature pro 
file nonuniformity caused by dimensional asymmetry of 
the O.F. can also be corrected. 
The arrangement of the outermost annular light 

sources is not limited to the one shown in FIG. 24 but 
may be replaced with another arrangement. An im 
proved arrangement of the annular light source is re 
ferred to below. First and second annular light sources 
in FIG. 26 are the same as those of FIG. 24, and a de 
tailed description thereof will be omitted. As shown in 
the plan view of FIG. 26, an outer third annular light 
source 101 c2 is located at a portion corresponding to 
angular range of the O.F. 5a of the wafer about the 
concentric center. One light source 101c1 is located in 
the remaining angular range. These two arcuate light 
sources constitute the third annular light source. 

In FIG. 27a source 102c2 and a light source paired 
therewith are located in the radial area corresponding 
to the O.F.5a of the wafer so as to sandwich the wafer. 
An arcuate light source 102c1 and a light source paired 
therewith are located in the area excluding the O.F. 5a 
so as to, sandwich the wafer. Other arrangements in 
FIG. 27 are the same as those in FIG. 26. Referring to 
FIG. 28, a light source 103c2 and a light source paired 
therewith, intermediate portions of which are linear and 
both ends of which are arcuate are located in one radial 
area corresponding to the O.F.5a of the wafer 5 so as to 
obtain a shape similar to the outer shape of the wafer. 
The light source 103c2 and the corresponding light 
source are located above and below the wafer. An arcu 
ate light source 103c1 and a light source paired there 
with are located in the other radial area. In either ar 
rangement, as shown in FIG. 25, the innermost semicir 
cular light sources are connected in series with each 
other and can be simultaneously controlled together 
with other light sources, thereby obtaining a uniform 
illuminance distribution. 
A reflecting mirror may be located near each light 

source at a position opposite to the wafer to improve 
radiation efficiency. However, in this case, the shape of 
the reflecting mirror for the outer annular light source 
may be deformed for the O.F. so as to correct tempera 
ture profile nonuniformity, thereby preventing a slip 
line at the O.F. The slip line is defined as a scratch 
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formed on the wafer. FIG. 29 shows an improved ar 
rangement of the control units. Each control unit in 
FIG. 29 is connected to one light source. Emission 
amounts of the arcuate light sources 1a1, 1a2, 50a1, and 
50a2 are controlled by control units 911 to 914. The 
control units 911 to 914 constitute a control unit means 
91. The pairs of upper and lower arcuate light sources 
1b1 and 50b1 and 1b2 and 50b2 are connected with a 
control unit means 92, thereby controlling the emission 
amounts thereof. The pairs of upper and lower arcuate 
light sources 1c1 and 50c1 and 1c2 and 50c2 constituting 
the outer third annular light sources are connected to a 
control unit means 93. The control unit means 92 and 93 
have the same arrangement as that of the control unit 
means 91. 
The emission amount of each arcuate light source is 

controlled in accordance with a signal from the mi 
crocomputer 41. 
Even if identical optical sources are used, emission 

amounts per unit may differ from each other at a given 
power due to fabrication conditions. In this case, in the 
arrangement shown in FIG. 29, a reference semicircular 
light source for semicircular light sources having identi 
cal radii of curvature and constituting a given annular 
light source is determined. A coefficient is multiplied 
with a control signal for the reference semicircular light 
source such that the emission power per unit length of 
other semicircular light sources having identical radii of 
curvature is set equal to that of the reference semicircu 
lar light source. Under this condition, the emission 
amount per unit length of semicircular light sources 
constituting one annular light source can be kept con 
stant Therefore, the wafer can be uniformly heated 
while the rotationally symmetrical emission states can 
be maintained in accordance with control signals X, Y, 
and Z supplied from a main control unit means 91 to the 
annular light sources 
FIG. 30 shows an arrangement obtained by partially 

changing the arrangement of the annular light source 
shown in FIG. 21. As shown in FIG. 30, the innermost 
annular light source comprises two arcuate light source 
111a and 1.11b. The second annular light source com 
prises three arcuate light sources 112a, 112b, and 112c 
each having a length corresponding to 120 with re 
spect to the concentric center. The outermost or third 
annular light source comprises four arcuate light 
sources 113a, 113b, 113c, and 113d each having a length 
corresponding to 90 with respect to the concentric 
center. 

A control system for the annular light sources shown 
in FIG. 30 is basically the same as that shown in FIG. 
21. A control unit 42a controls the light sources 111a 
and 111b and light sources paired therewith. A control 
unit 42b controls the light sources 112a to 112c and light 
sources paired therewith. A control unit 42c controls 
the light sources 113a to 113d and light sources paired 
therewith. 
The upper and lower annular light sources having 

identical radii of curvature and concentrically arranged 
above and below the wafer are preferably arranged 
such that the non-light-emitting portions thereof are not 
aligned in the radial direction with respect to the con 
centric center N. 
More specifically, as shown in the plan view of FIG. 

31, non-light-emitting portions 30 of arcuate light 
sources 33a and 33b constituting the upper annular light 
source are offset by an angle a from non-light-emitting 
portions 30' (indicated by the broken circles) of arcuate 
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light sources 33c and 33d constituting the lower annular 
light source. The angle a is preferably about the 
smaller one of the angle differences of the non-light 
emitting portions shown in FIG. 6. 
An annular light source may be arranged in a polygo 

nal shape by combining a plurality of rod-like light 
sources. More specifically, a plurality of linear light 
sources are arranged to circumscribe a circle having a 
predetermined radius from a normal N at the central 
position of the wafer. The linear light sources constitut 
ing one annular light source are connected in parallel 
with each other. 
As shown in the plan view of FIG. 32, an inner annu 

lar light source comprises four linear light sources 110a, 
110b, 110c, and 110d in a square shape, and eight linear 
light sources 120a, 120b, 120c, 120d, 120e, 120f 120g, 
and 120h are arranged in an octagonal shape to consti 
tute an outer annular light source. In this arrangement, 
rod-like light sources are identical, and therefore, only 
one type of light source can be used to constitute the 
annular light sources. 
The linear rod-like light source is defined as a light 

source having a linear light-emitting portion. As shown 
in the side view of FIG. 33, electrodes LA and LB are 
preferably formed at end portions of portions La and Lb 
extending vertically from a linear light-emitting portion 
L. Since the electrodes are formed in a direction per 
pendicular to the light-emitting portion, a total length of 
non-light-emitting portions of the linear light sources 
constituting one annular light source can be minimized 
to close to an ideal annular light source. 
FIG. 34 shows an improved arrangement of the tem 

perature measuring system shown in FIG. 1. 
A focusing system 70 as an optical system in the tem 

perature measuring system shown in FIG. 34 comprises 
two objective lenses 71 and 72, two relay lenses 73 and 
74, a one-dimensional galvano scanner 75, three reflect 
ing mirrors 76 to 78, and a condenser lens 79. An object 
point on a semiconductor substrate 5 is focused on a 
detector 11. An optical axis OX of the focusing system 
70 is aligned with the normal Nat the central position of 
the semiconductor substrate 5. The galvano scanner 75 
serving as the one-dimensional scanning means, a driver 
81 for driving the galvano scanner 75, the three reflect 
ing mirrors 76 to 78, and the detector 11 constitute a 
rotatable mirror block MB driven by a driver 80 having, 
e.g., a stepping motor. Polar coordinate scanning can be 
performed by one-dimensional scanning of the galvano 
scanner 75 and rotation of the mirror block MB. The 
drivers 80 and 81 respectively comprise encoders. A 
microcomputer 41 instructs the drivers 80 and 81 on the 
basis of outputs from the encoders and detects a temper 
ature profile on the basis of outputs from the detector 
11. 
A light beam from the semiconductor substrate 5 is 

focused at an intermediate image formation point P1 by 
the first objective lens 71. A pupil plane is formed at a 
point P2 by the second objective lens 72. An object 
conjugate plane is formed at a point P3 by the first relay 
lens 73. The beam from the first relay lens 73 is scanned 
by the galvano scanner 75 through the second relay lens 
74, thereby forming a pupil plane of the focusing system 
at a position where the galvano scanner 75 is located. 
Therefore, parallel beams reflected by the mirror sur 
face of the galvano scanner 75 are focused by the con 
denser lens 79 through the mirrors 76 to 78, thereby 
forming an image on the detector 11 located at the 
object conjugate plane. When the galvano scanner 75 is 
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vibrated, the beam indicated by a left end broken line 11 
reaches the detector 11 and the temperature is mea 
sured, as shown in FIG. 34. Thereafter, temperatures in 
the area (indicated by a solid line 12) from the left end to 
the center of the semiconductor substrate 5 are nea 
sured. Furthermore, temperatures in the area (indicated 
by an alternate long and short dashed line 13) up to the 
right end of the semiconductor substrate 5 are mea 
sured. Every time the galvano scanner 75 radially scans 
the semiconductor substrate 5 once, the mirror block 
MB is rotated through a predetermined angle about the 
optical axis OX. As indicated by broken lines S1 to S8 in 
FIG. 35, the galvano scanner 25 scans the semiconduc 
tor substrate 5 in rotational symmetry about the rota 
tional axis N. More specifically, polar coordinate scan 
ning can be performed by one-dimensional scanning of 
the galvano scanner 75 and image rotation by the mirror 
block MB. 

Optical energy from the semiconductor substrate 5 is 
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incident on the detector 11 through the temperature 2O 
measurement focusing system 70, and temperatures on 
the surface of the semiconductor substrate 5 can be 
measured. The microcomputer 41 controls powers of 
the annular light sources on the basis of the temperature 
measurement results such that a temperature distribu 
tion of the semiconductor substrate 5 can be uniformly 
controlled. 
Any image rotator such as a prism or a reflecting 

mirror may be inserted in an optical path between the 
second lens 72 and the relay lens 73, in place of the 
mirror block MB serving as an image rotating means 

In such a temperature measuring apparatus, since the 
radiation energy from the object whose temperature is 
to be measured is detected by the detector and is mea 
sured thereby, radiation energy associated with a 
known temperature is fetched to measure a reference 
temperature in the temperature measuring mode. A 
self-image of a detector for detecting radiation energy 
for the reference temperature is reflected by a mirror, 
and the reflected image is detected by the detector The 
corresponding temperature serves as a reference tem 
perature. A signal derived from the self-image detected 
by the detector serves as a narcissus signal. 
The principle of the temperature measuring system 

using the narcissus signal will be described with refer 
ence to FIGS. 36 and 37. 

FIG. 36 shows a temperature measuring apparatus 
obtained by partially modifying an arrangement of FIG. 
34. The lenses 71 to 73 are illustrated as one lens, and 
lenses 74 are also illustrated as one lens. According to a 
characteristic feature of the arrangement shown in FIG. 
36, a circular member 60 is arranged to be perpendicular 
to the optical axis OX at a position where the image 
formation plane P3 is formed. The circular member 60 
serves as a field aperture. A circular plane mirror 61 is 
formed on a surface 61 on the side of the detector 11, as 
shown in FIG. 37. An intermediate image 5' becomes 
afocal by the relay lenses 74, is reflected by the scanner 
75 comprising the swingable mirror, and is focused on 
the light-receiving portion of the infrared detector 11 
by the condenser lens 79. 
The optical axis OX and the light beam of the optical 

system at the center of the field of view are represented 
by solid lines. The optical axeslight beams at the ends of 
the field of view are represented by the dash lines. The 
optical axis and light beams outside the field of view are 
represented by the phantom dashed lines. 
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In the temperature measuring optical system (focus 

ing system) having the arrangement described above, 
the circular member 60 is located at the focal point of 
the relay lenses 74. For this reason, the optical system 
between the circular member 60 and the scanner 75 
constitutes a telecentric optical system wherein princi 
pal light beams indicated by the solid, dash, phantom 
lines are perpendicular to an intermediate image forma 
tion plane P3 including the image 5'. The principal light 
beam for forming the self image of the detector 11 
thereon is perpendicular to the plane mirror 61 formed 
on the surface 60a of the circular member 60 on the side 
of the detector. The image of the detector 11 which is 
reflected by the plane mirror 61, i.e., the narcissus im 
age, is formed again on the, detector 11, thereby obtain 
ing the narcissus signal. Furthermore, The relay lens 74 
constitutes a telecentric optical system on the side of the 
member 60 such that the principal light beam from the 
substrate 5 is parallel to the optical axis OX. 
The one-dimensional scanner 75, the condenser lens 

79, and the infrared detector 11 are integrally held to 
constitute an optical block OB. The optical block OB 
can be rotated about the optical axis OX and has an 
arrangement different from that in FIG. 34 but has the 
same purpose thereas. The detector 11 is cooled to a 
predetermined temperature. The narcissus signal can be 
used as a detection temperature signal and allows the 
periodic reference of the reference temperature, 
thereby reducing 1/f noise. Two reference signals can 
be obtained by single scanning corresponding to one of 
the lines S1 to S8 (FIG. 35). Therefore, the narcissus 
signal can also be utilized as a reference signal for the 
scanning position 

FIG. 38 shows a detailed arrangement of part of the 
optical system (FIG. 36) in the temperature measuring 
apparatus. 

Lenses 73 and 74 are inserted in a lensbarrel 51. Some 
of the lenses 73 and 74 are held in holding cylinders 52 
and 53. The left end opening of the lens holding cylin 
der 52 serves as the field aperture. The diameter of the 
opening is set to be smaller than the left end of the lens 
holding cylinder 53. A circular mirror 61 is formed on 
a left end face 52a of the lens holding cylinder 52. 

FIG. 39 is a modification of the circular member 60. 
A black reference temperature portion 62 substantially 
the same as a black body corresponding to room tem 
perature is formed outside the mirror 61. In the lamp 
annealing apparatus, the temperature range for possible 
temperature measurement includes room temperature 
to 1,000 C. or more, and the output voltage from the 
detector 11 varies in the wide range including voltages 
O1 and O2, (FIG. 40). However, if outputs from the 
detector 11 and the gain of the amplifier are changed, as 
indicated by intervals g1 to g3 and therefore the gain is 
not stabilized, a temperature measurement error occurs. 
A true gain g10 is calculated by using the narcissus 
signal Vdl, the reference temperature signal Vtl, the 
known temperature, i.e., room temperature Tt (equal to 
the temperature of the reference temperature portion 62 
and corresponding to the reference temperature signal 
Vtl), and a detector temperature Tod (corresponding to 
the narcissus signal Vdl) as follows: 

g10=(Vil-Vdl)/(T-Td) (1) 

When a temperature is to be obtained on the basis of an 
output Vwl of the detector 11 upon scanning the semi 
conductor substrate (i.e., the object subjected to tem 
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perature measurement) 5, the true gain g10 is used. 
Heating for a short period of time is performed as in the 
lamp annealing apparatus. The temperature Tt of the 
reference temperature portion 62 and the temperature 
Td of the detector 11 are regarded as substantially con 
stant, and the true gain g10 can be calculated by equa 
tion (1). The temperature can be accurately calculated 
by the microcomputer 41. In this case, since the values 
Vd and Vt are determined according to the position of 
the mirror 75, an output from the detector 11 is sampled 
by the microcomputer 41 in response to an output from 
the encoder in the driver 81. 

FIG. 41 shows another modification of the circular 
member 60. The circular member of this modification 
comprises a mirror 61 on the left half and a reference 
temperature portion 62 on the right half. According to 
the circular member 60, the light beam crosses the mir 
ror 61 and the reference temperature portion 62 during 
one scanning cycle of the scanner 75. For example, 
when sinusoidal scanning is performed by the scanner 
75, a narcissus signal Vd and a reference temperature 
signal Vt are obtained every predetermined interval. If 
a scanning track S1 of the scanner 5 passes across the 
boundary between the mirror 61 and the reference tem 
perature portion 62, the reference signal Vr in FIG. 42 
allows positioning or the like of the optical block OB. 
FIG. 43 shows still another modification of the circu 

lar member 60. In the circular member of this modifica 
tion mirrors.61 and black reference temperature por 
tions 62 (indicated by the hatched portions) are alter 
nately formed, as shown in FIG. 43. When the optical 
block OB is rotated in synchronism with sinusoidal 
one-dimensional scanning of the scanner 75, the narcis 
sus signal Vd and the reference temperature signal Vt 
are periodically obtained, as shown in FIG. 44. 
As shown in FIG. 45, when the angular interval of 

the mirror portions 61a is larger than that of the black 
reference temperature portions 62a by a half period 
(a/2), the reference position signal Vr in the rotational 
direction is obtained, as shown in FIG. 44. In order to 
obtain a linear scanning track of the sinusoidal scanner 
75, the optical block is rotated by a pulse motor while 
the conjugate image on the detector 11 is located in the 
reference signal formation area. The number of divi 
sions for giving periodic characteristics is given by 
6-4XP (6 is the minimum number of divisions and P is 
0 or a natural number). When the pulses of the pulse 
motor are equally divided, the number of divisions is 
determined such that a continuous area of mirrors 61 or 
reference temperature portions 62 is formed. The con 
tinuous area has long durations of identical signals, so 
that a reference position signal in the 6 direction may be 
constituted. 
FIG. 46 shows an improved arrangement of a tem 

perature measuring system in the apparatus according 
to the present invention. FIG. 46 shows an arrangement 
based on the arrangement in FIG. 1, and an aperture 
stop SA, a cooling means 15, and a band-pass filter 14 
are added thereto. The cooling means 15 is arranged 
around the aperture stop SA, and cooling water is al 
ways supplied to the cooling means 15 by a circulating 
system for the cooling means 15 to maintain the aper 
ture stop SA at a predetermined temperature or less. 
The band-pass filter 14 is arranged between a mirror 

9 and a lens 10 to transmit a beam having a wavelength 
of 4 um to 6 p.m. Of the radiation beams directed 
toward the entire surface of the objective lens 7, beams 
except for ones reaching the opening of the aperture 
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stop SA are shielded. In addition, since heat absorbed 
by radiation onto the aperture stop SA, can, be elimi 
nated by cooling water of the coaling means 15, temper 
ature errors on the surface of the wafer subjected to 
measurement by the detector 11 can be prevented. The 
subsequent members of the temperature measurement 
optical system are not be heated. The characteristics of 
the optical system are not changed. Therefore, degrada 
tion of performance of the apparatus can be prevented. 
The annular light source comprises a halogen lamp 

having a color temperature of about 3,000 K, and the 
emission spectrum has a distribution indicated by the 
solid line in FIG. 47 according to the Planck's law of 
radiation. However, since the wafer or semiconductor 
substrate 5 is irradiated with a beam from the halogen 
lamp through a quartz chamber 2, the wafer 5 is heated 
by beams having wavelengths of 0.3 um to 3.5 pum, 
which are the same as those of the quartz transmission 
range. The object subjected to radiation such as a sili 
con wafer effectively absorbs beams having a wave 
length up to about 1.1 um. The wafer 5 can be effec 
tively heated by the light beams passing through the 
quartz chamber. Upon heating of the wafer in the range 
of 800 K to 1,500 K according to the Planck's law of 
radiation, the spectrum distribution indicated by the 
dash line can be changed to the spectrum distribution 
indicated by the phantom line. The wavelength range of 
4 um to 6 um is adjusted to the temperature measure 
ment wavelength range by the band-pass filter. There 
fore, the wafer temperature can be detected without 
influence of the radiation beam from the heating annular 
light source. Therefore, the optical members of the 
temperature measuring optical system must be formed 
of a material (e.g., ZnS, ZnSe, CaF2, Ge, or Si) having 
a high permeability in the temperature measurement 
wavelength range. 
FIG. 48 shows a case wherein an aperture stop SA is 

located in the arrangement of FIG. 34. The objective 
lens 71 has a negative meniscus lens 71a, a positive 
meniscus lens 71b, double-convex positive lens 71c, and 
positive and negative meniscus lenses 71d and 71e. The 
meniscus lens 71a is located near a side (i.e., on the side 
of the wafer 5) of the aperture stop SA and has a convex 
surface directed toward the wafer side. The meniscus 
lens 71b is located behind the aperture stop SA and has 
a concave surface directed toward the aperture stop 
SA. The meniscus lens 71d has a convex surface di 
rected toward the aperture stop SA. The meniscus lens 
71e is located on the side of the aperture stop SA so as 
to interpose a wafer image therewith. Since the objec 
tive lens 71 has the negative meniscus lens 71a on the 
side (i.e., on the side of the wafer 5) of the aperture 
opening SA, the objective lens 71 has a very wide field 
angle. A temperature at the peripheral portion of the 
wafer 5 can be accurately measured. 
The lens members constituting the temperature mea 

suring optical system 70 must be made of a material that 
satisfactorily transmits all infrared rays having wave 
lengths falling outside the temperature measurement 
wavelength range. In particular, the meniscus lens 71a 
of the objective lens 71 which to the wafer must be 
made of a material that allows transmission of heating 
radiation as well as the above-mentioned infrared rays 
in order to prevent heating upon reception of the heat 
ing radiation. For this reason, a material of the meniscus 
lens 71a closest to the wafer is preferably selected from 
ZnS (zinc sulfide), ZnSe (zinc selenium) and CaF2 (cal 
cium fluoride). In this embodiment, ZnS is selected 
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from the ZnS and ZnSe which have relatively high 
thermal conductivities. The material having a relatively 
high thermal conductivity is used in the lens closest to 
the wafer because heat exchange during cooling of the 
lens by an aperture stop cooling means (to be described 
later) and a lens heating preventive effect can be im 
proved. A thin film is formed on the surface of the 
meniscus lens 71a to transmit a beam having a tempera 
ture measurement wavelength range of 4 to 6 p.m. and 

5 

reflect a heating radiation beam having a wavelength of 10 
1.1 um or less. Influences of heating radiation need not 
be considered for the lenses following the meniscus lens 
71a. In order to improve focusing performance, a mate 
rial having a high birefringence is selected. Ge (germa 
nium) is employed for the positive lens, and ZnS is 
employed for the negative lens 71b and the meniscus 
lenses in the lenses 73 and 74. 

FIG. 49 is a sectional view showing a detailed ar 
rangement of the cooling means 15 for the aperture stop 
SA shown in FIG. 48, and FIG. 50 is a sectional view 
thereof taken along the line 50-50 of FIG. 49. Cooling 
water supplied from a cooling water pipe 17a is injected 
in a hollow portion 16a in a cooling cylinder 16 for 
supporting, the aperture stop SA and the negative me 
miscus lens 71a (of the objective lens) closest the wafer, 
as indicated by arrows. Water is branched around the 
aperture stop SA and is drained in a drain pipe 17b. 
Water is then cooled through a heat exchanger (not 
shown) and is circulated again into the water pipe 17a. 
The cooling cylinder 16 is formed of a metal such as 
copper having a high thermal conductivity and can 
efficiently exchange heat with respect to the cooling 
water as a coolant. The aperture stop SA constitutes a 
conical surface defining the hollow portion 16a in the 
cooling cylinder 16. The aperture stop SA absorbing 
heat of the heating radiation shielded by the conical 
surface is cooled by the cooling water supplied to the 
hollow portion 16a and is thus kept at a predetermined 
temperature. The support of the negative meniscus lens 
71a located nearest the wafer also serves as a side sur 
face defining the hollow portion 16a of the cooling 
cylinder 16. The meniscus lens 71a can thus be satisfac 
torily cooled. 
With the above arrangement, since a pupil aberration 

of the objective lens 71 is large, the beams of all field 
angles are limited at the conjugate position P2 (FIG. 34) 
of the aperture stop SA. Therefore, a relatively large 
aperture stop is used for the objective lens. The aperture 
stop S1 located at the conjugate position P2 of the aper 
ture stop SA serves as a second aperture stop for finally 
limiting the heating radiation. For this reason, the sec 
ond aperture stop S1 tends to be heated. As shown in 
FIG. 49, the second aperture stop S1 can also be cooled 
to some extent. More specifically, the cooling cylinder 
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16 supports other lens elements 71b, 71c, 71d and 71e of 55 
the objective lens, the lens 72, and the second aperture 
stop S1 therein and can cool them together. The cooling 
cylinder 16 is supported on a support plate 19 by a fixing 
ring 18a. In the above description, the temperature 
measuring system detects radiation generated by the 
wafer irradiated with beams from the annular light 
sources and measures the temperature. However, the 
following measurement can also be utilized. The wafer 
may be irradiated with temperature measuring infrared 
rays from a source different from the annular light 
sources to measure a temperature of the wafer on the 
basis of a difference between an amount of infrared rays 
transmitted through the wafer and the amount of infra 

60 

65 
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red rays from the wafer when the temperature measure 
ment infrared rays are not incident on the wafer. 
An apparatus for radiating temperature measurement 

infrared rays onto the wafer will be described with 
reference to FIGS. 51A and 51B. A through hole 2c is 
formed in the center of an upper plate 2a in a chamber 
2. A lower end of a quartz gas supply cylinder 64 held 
on the upper support plate 67 is inserted in the gas sup 
ply cylinder 64. The gas supply cylinder 64 is mounted 
to a holding metal member 65 threadably engaged with 
the upper support plate 67, as shown in FIG. 52A. As 
shown in FIG. 52C, a projection 66a of an eccentric 
screw 66 threadably engaged with the holding metal 
member 65 is inserted into and engaged with a hole 64a 
of the gas supply cylinder 64 inserted in the holding 
metal member 65. The eccentric screw 66 is pivoted and 
urged against the upper surface of the holding metal 
member 65, thereby holding the gas supply cylinder 64 
to the holding metal member 65. 
The gas supply cylinder 64 has a double-layered 

structure, as shown in FIGS. 52A and 52B. An upper 
lens barrel 70a of the temperature measuring optical 
system is inserted in a central hole 64b. A ring-like gas 
supply path 64c is formed around the gas supply cylin 
der 64. The gas supply cylinder 64 constitutes a gas path 
to cause the interior of the chamber 2 to communicate 
with the exterior thereof. An adapter 68 is connected to 
the upper portion of the gas supply path 64c. As shown 
in FIG. 52B, gas supply ports 64d are formed in the 
lower end portion of the gas supply path 64c at equal 
angular intervals. The gas supply ports 64d normally 
face the interior of the chamber 2. 
A through hole 2d is formed in the center of a lower 

chamber plate 2b, and a lower lens barrel 70b in the 
temperature measuring optical system is inserted in the 
through hole 2d. The lens barrel 70 also extends 
through a lower support plate 69a, Aside mirror 69b is 
mounted on the lower support plate 69a to surround the 
outer surface of the chamber 2. An upper mirror 69c is 
spaced apart from the upper chamber plate 2 by a pre 
determined distance. 
A lens optical system is accommodated in the upper 

lens barrel 70a in the temperature measuring optical 
system to guide infrared rays from the temperature 
measuring infrared lamp to the semiconductor substrate 
5. A lens optical system is accommodated in the lower 
lens barrel 70b to guide radiation infrared rays and tem 
perature measurement transmitted infrared rays to the 
detector 
The adapter 68 is connected to a gas supply source to 

spray the gas from the gas supply port 64d to the cham 
ber 2 through the inlet path 64c. Since the gas flows 
radially, the temperature gradient is also axially sym 
metrical. Therefore, the gradient of the atmosphere in 
the chamber 2 is radial, i.e., axially symmetrical. 
A temperature, measuring scanning mechanism 

(FIG. 34) is provided in the lower lens barrel 70b to 
scan the surface of the semiconductor substrate 5. The 
heating temperature can therefore be detected on a real 
time basis. The powers for the annular light sources 1a 
to 1c are controlled to substantially uniformly heat the 
semiconductor substrate 5 on the basis of the measure 
ment results. The heating conditions for the semicon 
ductor substrate 5 are not adversely affected due to the 
temperature gradient atmosphere in the chamber 2 
which is caused by a gas flow. 
The size and number of gas inlet ports 64d are prop 

erly determined in accordance with the sizes of the 
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chamber and the semiconductor substrate. The appara 
tus shown in FIG. 51A is intended to include cases 
wherein the temperature measuring scanning mecha 
nism shown, in FIG. 34 is mounted in the upper lens 
barrel 70a, and the temperature measuring infrared 
source is mounted in the lower lens barrel 70b. 
As shown in FIG. 53A and 53B, gas inlet ports 64e 

may be formed at the end portion of the inner cylindri 
cal wall of the gas supply cylinder 64 to decrease a 
temperature difference between the center of the semi 
conductor substrate 5 and the peripheral portion 
thereof, caused by gas spraying. 
As shown in FIGS. 54A and 54B, a sealed chamber 

90 may be formed by integrally forming a chamber 2 
and a gas supply cylinder 64. A through hole 91 for the 
temperature measurement optical system lens barrel is 
formed in the center of the chamber 90. Gas supply 
ports 92a to 92c and gas supply ports 93a to 93c are 
formed around the through hole 91 at equal angular 
intervals. Axially extending gas supply paths 94 and 
axially extending gas supply paths 95 respectively com 
municate with the gas supply ports 92a to 92c and the 
gas supply ports 93a to 93c, and gas spray and exhaust 
ports 96 and 97 are formed thereunder. 
The chamber 90 is a sealed chamber and can be effec 

tively used when a reactive toxic gas is used. A seal 
member is inserted between a lens barrel (not shown) 
and the through hole 91 to seal the chamber 90. 

In the above description, supply of a gas into the 
chamber during heating is exemplified. However, when 
a gas is supplied to cool the semiconductor substrate 5 
or the like after heating, the same gas supply cylinder as 
described above may be used. In the structure shown in 
FIGS. 53A and 53B, the gas may be introduced into the 
chamber 2 before heating, and the gas supply ports 64d 
are moved upward until they face the space between 
the chamber 2 and the annular light source 1. In this 
case, the cooling gas may be supplied to the side mirror 
69b and the upper lens barrel 70a. 
FIG. 55 shows an improved arrangement of the 

chamber of the apparatus according to the present in 
vention. A chamber 200 is constituted by lower and 
upper chambers 201, and 202 made of quartz in a dome 
like shape (hemispherical shape) to improve resistance 
to vacuum pressure. Since annular light sources 1a to 1e 
and light sources 50a to 50e are arranged along the 
outer surfaces of the upper and lower chambers 202 and 
201, the distance between the annular light sources and 
the semiconductor substrate is decreased at light source 
positions away from the axis N. It should be noted that 
reference symbold denotes a radius of the annular light 
source, and that his a distance between the annular light 
source and the semiconductor substrate. 
A gas intake port 202a is formed in the center of the 

upper chamber 202, and an exhaust port (not shown) is 
formed between the contact surfaces of the chambers 
201 and 202. A hole is formed in the center of the lower 
chamber and a temperature measuring system 70 is 
inserted in this hole. 
The relationship between the output power from the 

annular light source and heating energy applied to the 
semiconductor substrate will be described below. 
Table 10 shows illuminance ratios on a semiconduc 

tor substrate when the semiconductor substrate having 
a diameter of 10" (200 mm) is heated by the photo an 
nealing apparatus shown in FIG. 55 and characterized 
as in Table 9. 
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As shown in Tables 9 and 10 when the light emission 

weights of all annular light sources are set to 1.0 each, 
the illuminance ratio near a 70% radial position is as low 
as 1.046. The illuminance ratio at the peripheral portion 
is almost the same as that of the central portion. In this 
case, substantially uniform heating energy is applied to 
the semiconductor substrate. The heat dissipation level 
of the peripheral portion is generally higher than that of 
the central portion. The radiation conditions are set 
such that the heating energy level is gradually increased 
toward the peripheral portion. When the innermost 
annular light source 1a is turned off, as shown in Table 
11, for example the illuminance ratio at the peripheral 
portion is 1.207, as shown in Table 12. Therefore, it is 
possible to heat the peripheral portion with high heating 
energy. The output powers of the annular light sources 
are properly changed on the basis of the temperature 
data detected by the detector. Therefore, the entire 
surface of the semiconductor substrate can be heated 
with a uniform temperature profile. This indicates that 
semiconductor substrates having different properties 
between lots of various semiconductor substrates and 
prepared according to different processes can be an 
nealed under different temperature conditions. 
When a plurality of annular light sources are ar 

ranged in a planar pattern, as indicated in Table 13, 
illuminance ratio data shown in Table 14 can be ob 
tained. Tables 9 and 13 are obtained such that the tem 
perature measurement light beams from the tempera 
ture measurement optical system do not interfere with 
the heating beams from the annular light sources and 
that a distance between the objective lens and the semi 
conductor substrate is predetermined to obtain a given 
field angle of the objective lens in the temperature mea 
suring optical system. The illuminance distribution in 
Table 13 can be substantially uniform. However, heat 
ing efficiency in a chamber 200 shown in FIG. 55 is 
better than that in Table 13 by 1.333 times. 

Referring to FIG. 55, a distance between the semi 
conductor substrate and the temperature measurement 
optical system objective lens having the predetermined 
field angle is predetermined to allow scanning of identi 
cal areas. In this case, the apparatus in FIG. 55 has 
better heating efficiency. If identical heating efficiency 
levels are employed, in the apparatus in FIG. 55, the 
distance between the objective lens and the semicon 
ductor substrate can be increased and an objective lens 
having a small field angle is required to scan a given 
area. Therefore, design and fabrication of the objective 
lens in the temperature measurement optical system can 
be made easy. 

FIG. 56 shows a modification of the chamber shown 
in FIG.55. This modification can be applied when an 
annealing temperature is not higher than that in FIG. 55 
or when the residual distortion of the semiconductor 
substrate is relatively small. In this case, even if the 
heating annular light sources are arranged near one 
major surface of the semiconductor substrate, distortion 
after annealing is small. As shown in FIG. 56, a lower 
chamber 203 may be made of stainless steel, and an 
upper chamber 202 may be formed of quartz in the same 
manner as in FIG. 55. In this case, annular light sources 
1a to 1e are arranged above only the upper chamber 
202. A temperature measuring system 70 is arranged in 
the central portion of the lower chamber 203. 
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TABLE 9 
Radius d Heighth Emission Light Source 
(mm) (mm) Weight Length (mm) 
43 76.95 10 270 5 
65 72.99 1.0 4.08 
87 67.33 1.0 547 
109 59.86 1.0 685 
131 50.43 O 823 

Total Optical Source Length 2733 
O 

TABLE 10 
Distance from 0 mm 10 mm 20 mm 30 mm 
Center of Wafer 
Illuminance Ratio 1,000 1001 1.007 1.06 1 
Distance from 40 mm 50 mm 60 mm 70 mm 5 
Center of Wafer 
Illuminance Ratio 1.02 1.036 1,043 1046 
Distance from 80 min 90 mm 100 mm 
Center of Wafer 
illuminance Ratio 041 1.029 004 20 

TABLE 11 
Radius d Heighth Emission Light Source 
(nm) (nm) Weight Length (mm) 
43 76.95 0.0 270 25 
65 72.99 1.0 408 
87 67.33 1.0 547 
109 59.86 0 685 
131 50.43 10 823 

Total Optical Source Length 2733 30 

TABLE 12 
Distance from 0 mm 10 mm 20 mm 30 mm 
Center of Wafer 
Illuminance Ratio 1,000 100S 1,021 1.047 35 
Distance from 40 mm 50 mm 60 mm 70 mm 
Center of Wafer 
Illuminance Ratio 1.080 1.17 154 1186 
Distance from 80 mm 90 mm 100 mm 
Center of Wafer 
Illuminance Ratio 1208 1.26 1.207 40 

TABLE 13 
Radius d Heighth Emission Light Source 
(mm) (mm) Weight Length (mm) 45 
6 80 1.0 383 
83 80 1.0 522 
105 80 1.0 660 
127 80 1.0 798 
149 80 1.0 936 

Total Optical Source Length 3.299 50 

TABLE 4 
Distance from 0 inn 10 mm 20 mm 30 mm 
Center of Wafer 55 
Illuminance Ratio 1,000 1002 1.00 1,022 
Distance from 40 mm 50 mm 60 mm 70 nm. 
Center of Wafer 
Illuminance Ratio ,035 1.048 1.057 1059 
Distance from 80 mm 90 mm 100 mm 
Center of Wafer 60 
Illuminance Ratio OS2 1.036 1009 

What is claimed is: 
1. An apparatus for annealing a substrate, including: 
(a) a plurality of annular light source means concen- 65 

tric about a predetermined axis; 
(b) placing means for placing the substrate such that 

the substrate receives radiation from said plurality 

32 
of annular light source means and is substantially 
perpendicular to the predetermined axis; and 

(c) measuring means having a measuring optical sys 
tem with an optical axis substantially aligned with 
the predetermined axis, said measuring means 
being adapted to receive radiation through said 
measuring optical system from the substrate placed 
on said placing means and to detect a temperature 
distribution of the substrate, wherein said measur 
ing means comprises scanning means for scanning 
the substrate placed on said placing means in a 
plurality of directions perpendicular to the prede 
termined axis. 

2. An apparatus according to claim 1, further com 
prising housing means for receiving the substrate placed 
on said placing means and means arranged around said 
measuring optical system to inject a desired gas to said 
housing means. 

3. An apparatus according to claim 1, wherein said 
measuring means generates an output corresponding to 
the temperature distribution of the substrate, and said 
apparatus further comprising means for controlling 
amounts of radiation generated by said plurality of an 
nular light source means in response to an output from 
said measuring means. 

4. An apparatus according to claim 1, wherein said 
measuring means comprises radiation detecting means 
for detecting an intensity of the radiation from the sub 
strate through said measuring optical system and tem 
perature detecting means for detecting a temperature in 
response to an output from said radiation detecting 
means, and said measuring optical system sets said radi 
ation detecting means conjugate with the substrate 
placed on said placing means. 

5. An apparatus according to claim 4, wherein said 
measuring optical system comprises an objective lens 
for forming an image of the substrate placed on said 
placing means and aperture means for limiting an 
amount of radiation incident from said objective lens 
onto said radiation detecting means, and said apparatus 
further comprising means for cooling said aperture 
12S 

6. An apparatus according to claim 4, wherein said 
measuring means comprises an aperture member ar 
ranged in an image formation plane in said measuring 
optical system between said placing means and said 
radiation detecting means, said aperture member having 
a reflecting surface for reflecting the radiation to a side 
of said radiation detecting means. 

7. An apparatus according to claim 6, wherein said 
measuring means comprises scanning means for causing 
said radiation detecting means to detect the reflected 
light of the radiation which is reflected by said reflect 
ing surface of said aperture member, and said tempera 
ture detecting means detects the temperature of the 
substrate on the basis of an output from the radiation 
detecting means which said radiation detecting means 
produces in response to the reflected light of the radia 
tion by said reflecting surface. 

8. An apparatus according to claim 6, wherein said 
measuring optical system comprises a telecentric optical 
system for setting said aperture member conjugate with 
said radiation detecting means and for collimating prin 
cipal beams of the radiation from said radiation detect 
ing means in a direction substantially parallel with the 
optical axis on a side of said aperture member. 

9. An apparatus according to claim 8, wherein said 
aperture member is arranged such that said reflecting 
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surface is substantially perpendicular to the optical axis 
of said measuring optical system. 

10. An apparatus for annealing a substrate, including: 
(a) a plurality of annular light source means concen 

tric about a predetermined axis, said plurality of 
annular light source means respectively being pro 
vided with at least one non-light-emitting portion 
which does not generate radiation; and 

(b) placing means for placing the substrate such that 10 
the substrate receives radiation from said plurality 
of annular light source means and is substantially 
perpendicular to the predetermined axis; 

(c) said plurality of annular light source means being 
arranged such that said non-light-emitting portions 
of adjacent ones of said plurality of annular light 
source means are not aligned in radial direction 
crossing the predetermined axis. 

11. An apparatus according to claim 10, wherein each 20 
of said plurality of annular light source means comprises 
a plurality of arcuate light sources. 

12. An apparatus for annealing a wafer, including: 
(a) a plurality of annular light source means concen 

tric about a predetermined axis; 
(b) placing means for placing the wafer at a position 
which is separate from said plurality of annular 
light source means by a predetermined distance 
along said predetermined axis, and such that the 30 
wafer receives radiation from said plurality of an 
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nular light source means and is substantially per 
pendicular to the predetermined axis; and 

(c) a reflecting member disposed at a side of said 
annular light source means remote from said plac 
ing means, said reflecting member having reflected 
surface means for reflecting radiation toward a 
wafer at said position from one of said plurality of 
annular light source means that is outermost with 
respect to said predetermined axis and so that the 
intensity of the reflected radiation at a peripheral 
portion of said wafer is higher than the intensity of 
reflected radiation at a central portion of said wa 
fer. 

13. An apparatus according to claim 12, wherein said 
reflecting surface means reflects radiation from said 
outermost annular light source means so that the inten 
sity of reflected radiation on said wafer increases gradu 
ally outwardly from said predetermined axis. 

14. An apparatus according to claim 13, wherein said 
reflecting surface means comprises a circularly symmet 
ric concave reflecting surface. 

15. An apparatus according to claim 14, wherein said 
outermost annular light source means is deviated 
toward the predetermined axis with respect to the opti 
cal axis of the concave reflecting surface. 

16. An apparatus according to claim 14, wherein said 
reflecting surface means comprises a plurality of circu 
larly symmetric concave reflecting surfaces respec 
tively corresponding to said plurality of annular light 
SOUCe eas. 

k is k 


